Regulation of secretion of matrix metalloproteinase (MMP) underlies the basis of numerous physiological and pathological processes in multicellular organisms. The Toll receptor family, which is conserved from Drosophila species to humans, mediates pattern recognition of a diversity of ligands involved in morphogenesis and innate immunity. Here, we show that secretion of MMP-9 is selectively induced through Toll-like receptor (TLR) 2 in human and murine monocytic cells stimulated with Borrelia burgdorferi. Secretion of MMP-1 was shown to be stimulated through a pathway other than TLR2, under identical conditions. Analysis of nuclear extracts indicated that activator protein (AP)-1 was reduced in TLR2-neutralized monocytic cells, suggesting that AP-1 plays a role in the transcriptional activation of MMP-9 through TLR2. The specific induction of MMP-9 through TLR2 provides direct evidence of a new role for this ancient receptor family in regulating secretion of MMPs and demonstrates evolutionary convergence between invertebrate morphogenesis and the vertebrate innate immune system. Matrix metalloproteinases (MMPs) are a large multigene family of zinc proteases that include 25 vertebratesecreted and surface-bound collagenases and gelatinases. This family includes 22 human homologs that can be divided into 4 major subgroups: interstitial collagenases, gelatinases, stromelysins, and membrane-type MMPs [1] . The interstitial collagenases include the MMP-1 (collagenase I), which has been studied extensively and typically degrades structural collagen type I at the characteristic cleavage site G 775 /L 776 . Gelatinases are effective against type IV collagen, with a limited ability to degrade stromal collagens, and include the well-characterized MMP-9 (gelatinase b) and MMP-2 (gelatinase a), which are commonly observed by gelatin zymography. MMPs function in developmental morphogen-
esis, growth, reproduction, wound healing, extracellular matrix turnover, and angiogenesis [1] . Pathologically, the dysregulation of secretion of MMPs contributes to numerous disease processes, ranging from cancer metastasis and microbial infection to mediating tissue destruction in degenerative and inflammatory diseases.
Toll is a type I transmembrane protein receptor that was the extracellular component of the signal transduction pathway leading to establishment of the dorsolateral pattern of Drosophila species embryos [2] [3] [4] . Homologs of this receptor were later discovered in mammalian cells [5, 6] . The Toll proteins, a family of pattern-recognition receptors, recognize a diversity of ligands and are conserved from Drosophila species to humans. Sharing a highly homologous cytoplasmic tail with and utilizing intracellular-signaling molecules similar to those of interleukin-1 [7, 8] , these receptors have been reported to function in both insect development [2] [3] [4] and in the innate immune system of invertebrates [9, 10] and vertebrates [11] . Ten mammalian toll-like receptors (TLRs) have been described thus far. Both TLR2 and TLR4 are expressed on the surface of a wide variety of human cells [12] [13] [14] and have been described to function in recognition of bacterial lipoproteins and lipopolysaccharide [15, 16] , respectively, as well as being reported to induce activation of NF-kB and activator protein (AP)-1 [17] [18] [19] .
Lyme disease is an inflammatory illness caused by the tickborne spirochete Borrelia burgdorferi [20, 21] . B. burgdorferi has been shown elsewhere to induce the secretion and activation of MMP-9 from primary human cells, including monocytes, neutrophils, keratinocytes, and astrocytes in vitro [22] . MMP-9 has also been shown to be elevated in the cerebrospinal and synovial fluids of patients with Lyme disease [23, 24] . Earlier work performed in our laboratory with human monocytic cells indicated that B. burgdorferi induced the production of mmp-9 mRNA and stimulated secretion of both MMP-9 and MMP-1 into cell-conditioned medium (CM) [22] . In addition, B. burgdorferi and its lipoproteins use CD14 [25, 26] and TLR2 receptors to induce production of proinflammatory molecules [15, 27, 28] . In the present study, we show that MMP-9, but not MMP-1, is specifically induced in monocytic cells through TLR2 by B. burgdorferi, providing direct evidence of a new role for TLRs in regulation of MMPs.
MATERIALS AND METHODS

Antibodies and reagents.
The human CD14-neutralizing murine monoclonal antibody MY4 was purchased from Coulter. N-17, a TLR2-neutralizing goat polyclonal antibody, was purchased from Santa Cruz Biotechnology. Saturation studies were performed beforehand, and each antibody was used at a concentration of 5 mg/mL. Before analysis, CM was concentrated by use of Amicon Microcon centrifugal concentrators (Millipore). Kits for quantification of MMP-9 (Human Biotrak Assay) and MMP-1 (Biotrak Activity Assay) were purchased from Amerham Biosciences. Kits for quantification of NF-kB and AP-1 levels (Trans-AM capture ELISA) were purchased from Active Motif. Actinomycin D was purchased from Biomol Research Laboratories and was used at a concentration of 5 mg/mL, with dimethyl sulfoxide (DMSO) as vehicle.
Bacteria. The infectious N40 strain of B. burgdorferi, derived from laboratory-infected mouse skin cultures, was used throughout and was cultured at 33ЊC in serum-free BSK-H medium (Sigma Chemical).
Eukaryotic cells. The mature human monocyte-like Mono Mac 6 cell line [29] was a gift from Dr. Sanford Simon (Stony Brook University, Stony Brook, NY) and was cultured in RPMI 1640 medium (Gibco-Invitrogen) supplemented with 2 mmol/ L l-glutamine (Gibco); 10% heat-inactivated fetal bovine serum (Hyclone Laboratories); 100 U/mL penicillin, 100 mg/mL streptomycin, and 1% nonessential amino acids (all from Gibco); and 1ϫ OPI Media Supplement (Sigma). tlr2 knockout (tlr2 Ϫ/Ϫ ) mice [30] were obtained from Dr. S. Akira (Osaka University, Osaka, Japan) through Dr. R. Medzhitov (Yale University, New Haven, CT) and were in the B6129PF2/J background. Eight-to-twelve-week-old male tlr2 Ϫ/Ϫ or B6129PF2/J wild-type mice were injected intraperitoneally with 2 mL of 3% thioglycolate broth (Difco). Four days later, peritoneal exudate macrophages (PEMs) were obtained by peritoneal lavage (10 mL of RPMI 1640 medium supplemented with 100 U/mL penicillin and 100 mg/mL streptomycin). PEMs were washed, placed in 24-well tissue culture plates (Costar; 10 6 cells/well in 1 mL), and incubated for 3 h at 37ЊC. Nonadherent cells were removed by aspiration and washing with RPMI 1640 medium before the addition of B. burgdorferi. PEMs from tlr2
Ϫ/Ϫ mice were tested by Western blotting and were confirmed as being negative for expression of TLR2. No human subjects were used; the study followed Stony Brook University animal protocol 2003-0856. Coincubation conditions and assay of MMPs and transcription factors. Mono Mac 6 cells or murine PEMs (10 6 cells each) were cocultured with 50 or 100 live virulent B. burgdorferi organisms (strain N40) per cell or with a sham inoculation (bacterial medium control) for 36 h, as described elsewhere for human peripheral blood monocytes [22] . For all experiments, the coculture medium consisted of RPMI 1640 medium alone. Mononuclear cell viability after coincubation was routinely determined by trypan blue exclusion and was always у87%. MMPs in CM from B. burgdorferi-stimulated Mono Mac 6 cells and PEMs were detected by gelatin or casein zymography at 36 h, as described elsewhere [22] . Levels of pro-MMP-9 and active MMP-1 in Mono Mac 6 CM were measured by capture ELISA (Human Biotrak Assay for MMP-9 and Biotrak Activity Assay for MMP-1), according to the manufacturer's protocols. Levels of NF-kB p65/p50 heterodimer were quantified at 24 h from 20 mg of total cellular protein extract by use of a Trans-AM capture ELISA (Active Motif), according to the manufacturer's guidelines. Levels of c-Fos/AP-1 were quantified at 24 h from 10 mg of nuclear extract, by use of Trans-AM capture ELISA (Active Motif), according to the manufacturer's guidelines.
RESULTS
The human-derived monocytic cell line Mono Mac 6 was used in the majority of experiments instead of murine PEMs, because it is a potent secretor of both MMP-1 and MMP-9, as determined in pilot experiments performed in our laboratory, and because mice do not make MMP-1. In addition, the use of murine cells was incompatible with ELISA-based assays used in the study. B. burgdorferi induced the expression and release of both MMP-9 and MMP-1 in the human monocytic cell line Mono Mac 6, as detected by gelatin and casein zymography, respectively (figure 1A and 1C), and as quantified by an ELISA specific for MMPs (figure 1B and 1D). EDTA (5 mmol/L) was used in the ELISA to inhibit MMP-1 activity, and it reduced MMP-1 activity to background levels, thereby confirming assay specificity ( figure 1D ). By use of the transcriptional inhibitor actinomycin D, RNA transcription was determined to be necessary for secretion of MMP-9 and MMP-1 by B. burgdorferistimulated Mono Mac 6 cells. The presence of this inhibitor, but not vehicle alone (DMSO), completely inhibited any detectable release of either MMP-9 or MMP-1 from Mono Mac 6 cells stimulated with live B. burgdorferi or sham B. burgdorferi preparations ( figure 1E and 1F) .
Neutralizing antibodies were used to investigate cell-surface receptors responsible for secretion of MMP by B. burgdorferistimulated Mono Mac 6 cells. MY4 is a monoclonal antibody previously shown to neutralize the function of CD14 on the surface of human cells [31] . N-17 is a polyclonal receptor-neutralizing antibody to TLR2 [32] . Confocal microscopy showed that both MY4 and N-17 bound to the surface of Mono Mac 6 cells ( figure 2A and 2B) . In addition, analysis with a fluorescenceactivated cell sorter (Becton Dickinson) demonstrated that 5 mg/ mL each antibody was sufficient to saturate both TLR2 and CD14 receptors in 10 6 Mono Mac 6 cells (data not shown). Secretion of MMP-9 by Mono Mac 6 cells stimulated with live B. burgdorferi in the presence of N-17 was entirely inhibited, whereas MY4 partially reduced levels of MMP-9 ( figure 3A) . Combined MY4 and N-17 treatment had an effect similar to that of N-17 alone. Isotype-matched control antibodies did not bind or affect production of MMP-9. The complete inhibition of production of MMP-9 in B. burgdorferi-stimulated cells, as observed in the presence of TLR2-neutralizing antibody ( figure  3A) , is direct evidence that this cell-surface receptor transduced the primary stimulus for secretion of MMP-9 in Mono Mac 6 cells. The partial reduction observed in the presence of MY4 ( figure 3A ) supports a functional role for CD14 as a coreceptor burgdorferi-mediated secretion of pro-MMP-9 in Mono Mac 6 cells is inhibited by the presence of neutralizing antibodies to TLR2. B, Targeted disruption of tlr2 in murine peritoneal exudate macrophages (PEMs) results in diminished B. burgdorferi-mediated MMP-9 secretion, as measured by gelatin zymography. Murine PEMs (10 6 cells) were cultured with either a sham inoculum or 10 B. burgdorferi organisms/cell in serum-free medium. MMP-9 in cell-conditioned medium (CM) was detected by gelatin zymography, as described elsewhere [22] . Upper band (arrows), pro-MMP-9; lower band, active form, as observed elsewhere [22] . C, B. burgdorferimediated MMP-1 induction in Mono Mac 6 cells is independent of TLR2. The same CMs tested for pro-MMP-9 in panel A were also tested for the presence of MMP-1. Levels of pro-MMP-9 and active MMP-1 were assayed by capture ELISA. Data in panels A and C represent the of 3 independent experiments. Gt IgG, goat polyclonal averages ‫ע‬ SEM control IgG.
for TLR2 during MMP-9 induction by live B. burgdorferi, as has been demonstrated elsewhere [26] . CM from Mono Mac 6 cells stimulated with B. burgdorferi failed to induce secretion of MMP-9 in naive cells, suggesting a minor role for secondary mediators (data not shown). In addition to experiments with TLR2-neutralizing antibodies, we measured secretion of MMP-9 by PEMs of TLR2-deficient mice in response to B. burgdorferi. Secretion of MMP-9 by PEMs of TLR2-deficient mice was greatly reduced in both sham-and B. burgdorferi-stimulated cultures, compared with that in wild-type control cells ( figure  3B ), further underscoring the importance of TLR2 as the major stimulus transducer for MMP-9. Both pro and active forms were observed in wild-type PEMs, as noted elsewhere in B. burgdorferi-infected mice in vivo [22] . MMP-1 was not investigated, because mice do not possess the gene for this protease.
In addition to testing for the presence of MMP-9, all CM from TLR2/CD14 receptor-neutralizing experiments was tested for the presence of MMP-1. In contrast to the results obtained for MMP-9 in figure 3A , MY4 and N-17 (separately or in combination) did not significantly reduce secretion of MMP-1, showing that live B. burgdorferi induce secretion of pro-MMP-9 and MMP-1 through divergent cell-surface receptorsignaling pathways ( figure 3C) . The potent and selective inhibition of secretion of pro-MMP-9 by TLR2-neutralizing antibodies, as opposed to the absence of an effect on secretion of MMP-1 in the same cells, demonstrates that live bacterial pathogens stimulate distinct receptors that induce gene expression of specific host molecules in human cells.
To investigate potential transcriptional factors selectively induced downstream of TLR2 stimulation, levels of NF-kB were quantified in Mono Mac 6 cells stimulated with live B. burg- dorferi for 24 h. NF-kB binding sites have been reported to be present in the gene promoters of several different MMP family members, including MMP-1 [33] and MMP-9 [34] . As reported elsewhere [26] , levels of NF-kB were increased in all cell cultures stimulated with B. burgdorferi (figure 4A), as detected by NFkB capture ELISA; however, the presence of N-17 or MY4 separately or in combination did not influence levels of NF-kB relative to control antibodies at 24 h. Although it is possible that constitutive levels of NF-kB are high in Mono Mac 6 cells and that the antibodies cannot change those levels, it is also of interest that complete inhibition of secretion of pro-MMP-9 was obtained in the same cell cultures (figure 4A) as those used for monitoring levels of NF-kB.
AP-1 is another important transcription factor that has been found to bind the promoter regions of the genes for several different MMP family members, including MMP-1 [35] and MMP-9 [34] , and is reported to be activated downstream of TLR2. Nuclear extracts of Mono Mac 6 cells stimulated with live B. burgdorferi in the presence of MY4 were not different from corresponding controls (IgG2b) in their levels of AP-1. Treatment with N-17, however, resulted in a significant reduction in AP-1 relative to nuclear extracts from cells stimulated with B. burgdorferi and control antibody (goat IgG). This reduction was enhanced when N-17 and MY4 were combined (figure 4B).
DISCUSSION
During the course of infection, bacteria may stimulate specific cell-signaling receptors, resulting in the selective induction of host genes that facilitate bacterial invasion, colonization, and growth. Previous observations that B. burgdorferi bind and concentrate both urokinase (urokinase plasminogen activator) and plasminogen on their surface [36] [37] [38] [39] [40] and use enzymatically active plasmin to spread within the mammalian host [41] [42] [43] [44] [45] led to the hypothesis that these broad-spectrum serine proteases could be involved in initiation and amplification of other proteolytic cascades [46] , leading to inflammation and tissue destruction during infection. MMPs have been implicated in many pathological processes involving the nervous system and the joints, both of which are sites of injury in Lyme disease [23, 24] .
To our knowledge, the present study provides the first evidence of induction of secretion of MMPs as a result of direct stimulation of a human TLR with live bacteria. Furthermore, direct evidence is provided that induction and secretion of MMP-9 and MMP-1 by B. burgdorferi in monocytic cells is stimulated through at least 2 separate signaling cascades that diverge at the level of cell-surface receptors. This is not surprising, because it is known that there are signals that differentially regulate some MMP genes and that gene expression induced by the same signal could be cell-type specific [1] . The range of substrates cleaved by MMP-1 and MMP-9 is not identical, but there is substantial overlap, indicating that the MMP end-function would not be a major reason for the differences in utilization of TLR2. Thus, as has been postulated elsewhere [1] , an MMP gene responds to a given stimulus in a manner dependent on organization of its transcriptional promoter and on whether there are other signals operating simultaneously. In the case of live bacteria, this may well be the case, because there may be 11 receptor engaged in the interaction between B. burgdorferi and the macrophage. Analysis of nuclear extracts from TLR2-neutralized cells showed that levels of AP-1 were decreased. AP-1 complexes are involved in the regulation of many MMP genes, and, here, we show its involvement in a signaling pathway initiated by TLR2.
Toll was first described to confer dorso/ventral patterning in the developing Drosophila species embryo, a process that requires proteolytic activity. In addition, Toll controls the induction of antifungal peptides, and mutations in Toll result in Drosophila species that cannot overcome fungal infection [9] . Likewise, a mutation in 18-Wheeler, a related protein, renders Drosophila species larvae more susceptible to bacterial infection [10] . Our data support the convergence between invertebrate developmental morphogenesis and both invertebrate and vertebrate innate immunity. Thus, TLRs may also be active during critical aspects of developmental morphogenesis requiring the secretion of specific MMPs. In fact, the first MMP discovered in Drosophila species has been shown to be involved in extracellular matrix remodeling during development of the central nervous system [47] .
In the context of Lyme disease, TLRs in humans could also be stimulated by nonmicrobial ligands under pathological conditions involving degradation products from MMPs. Given the capacity of the Toll nonclonal pattern-recognition receptor family to recognize diverse ligands that could include products of MMP proteolysis [48, 49] , it is conceivable that chronic stimulation of TLR2 or other members of this family could continue to occur after initial bacterial stimulation. This could lead to a chronic disease condition, such as that observed in infection with B. burgdorferi. TLR2, which is expressed on a variety of human cells [12] [13] [14] and is shown in the present report to induce MMP-9 when stimulated with live B. burgdorferi, could also be the same receptor at the basis of many different human diseases in which MMP-9 has been implicated.
